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and  Shock  faTe  Intaractlona  Obseirred  Along  Probes  and  Wires  In  Super¬ 
sonic  Air  Streaos. 

1.  MAVORD  Report  7-47  presents  data  on  the  interfer¬ 

ometric  studies  of  supersonic  phenoaena  and  is  the  third  of  a 
series  of  reports  on  this  subject  published  for  the  use  of  agen¬ 
cies  conducting  research  on  supersonic  flovt. 

'2.  This  report  presents  preliminary  data  and  therefore 
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foraation  and  criticism  by  other  agencies  for  incorporation  in 
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future  reports  is  requested. 
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ABSTRACT 


In  earlier  reports  of  this  series  it  was  shown  how  quantitative  values  of  density, 
pressure,  tenperature,  velocity  and  Mach  nusber  in  supersonic  gas  streams  could  be  obtained 
optically  by  the  use  of  an  interferometer.  The  Hach  number  M  may  be  obtained  independ¬ 
ently  by  msiftTig  shadow  photographs  of  the  head  wave  of  a  narrow  probe  placed  in  the  stream. 
Probe  and  Interferometer  Mach  number  values  were  in  good  agreement  in  a  homogeneous  stream 
from  a  Laval  nozzle,  but  in  complete  disagreement  in  an  Inhomoceneous  expeoiding  air  jet  in 
the  region  where  standing  shock  waves  occur.  This  discrepancy  has  been  traced  to  the  in¬ 
fluence  of  the  standing  shocks  on  the  air  flowing  at  low  velocity  in  the  boundary  layer 
along  the  probe.  Ihe  shock  pressure  may  cause  a  separation  of  the  stream  from  the  probe, 
and  a  configuration  of  normal  and  oblique  shocks  arises  as  a  result  at  the  region  of  separ¬ 
ation. 

Further  experiments  made  in  a  strictly  one-dimensional  stream  show  an  analagous 
separation  of  flow  when  a  normal  standing  shock  wave  intercepts  the  bouidiiTy  layer.  The 
theory*  of  separation' is  discussed  in  the  light  of  some  earlier  work  of  Prandtl  and  Stodola. 


Part  III 


Boundary  Layer  end  Shoclc  Wave  InteroctionB  Observed  Along  Probes  and  Vilres  in 

Supersonic  Air  Streams 

1.  INTRODUCTION 


In  Port  I  of  this  series  of  reports  1/  an  interferometric  analysis  was  made  of  a 
typical  supersonic  air  jet.  Hiis  report  includes  the  details  of  the  methods  of  applying  the 
Uach  interferometer  to  an  axially  symmetric  flow  pattern,  and  the  density  distribution  In 
such  an  air  jet  from  a  circular  orifice  »as  determined.  As  set  forth  in  section  VI  -  7  of 
that  report,  an  effort  was  made  to  correlate  Uach  number  values  calculated  from  the  density 
with  those  measured  directly  by  probes,  with  the  result  that  large  discrepancies  were  ob¬ 
served  in  the  region  of  the  jet  where  shocks  were  present.  Good  agreement  is  observed, 
however,  in  streams  without  shocks,  for  example,  parts  of  the  jet  near  the  orifice  and  in 
the  uniform  stream  from  a  Lavj;!  nozzle.  ^  A  brief  explanation  for  this  effect  in  terms 
of  shock  wave-boundary  Ir.yer  l„tera(.'! '  one  was  given  in  Section  VI— 7  of  Part  I.  The  present 
report  gives  a  detailed  expJ'’';  Ion  of  the  effects  observed  with  probes  In  jets,  as  well  as 
some  further  experiments  carri'  i  '"•  St  with  axial  wires  in  a  circular  homogeneous  stream  from 
a  Laval  nozzle. 


■y  IMTERFLROMETRIC  study  of  supersonic  PHHiOiiKA  Part  I.  "A  Supersonic  Air  Jet  at  60  Ib/ln.^ 
Tank  Pressure."  NAVORD  Report  69-46 


2/  Comparison  of  Interferometer  and  probe  Mach  numbers  in  the  homogeneous  stream  from  a 
Laval  nozzle  is  described  in  detail  in  IIAVORL  report  93-46  "INTERFEROMETRIC  STUDY  OF  SUPER¬ 
SONIC  PHENOnlENA  PART  II.  "The  Gas  Flow  Aroiod  Various  Objects  in  a  Free  Homogeneous  Super¬ 


sonic  Air  Stream." 
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II.  EXPERIttEKTAL  Ri^ULTS 


7ig\ira  1  1b  a  epark  ahadowgraja  of  an  air  jet,  froa  a  enoothly  conyergiiig  rovnd  nozzle 
of  10  mm.  orifice  diameter,  with  tank  overpressure  of  60  lbs. /in. Ibe  standing  shock  waves 
are  produced  by  the  expansion  and  contractions  of  the  Jet  as  it  proceeds  from  the  orifice. 

By  means  of  interferometer  technique  as  described  previously  (Part  I)  the  density 
distribution  in  this  jet  was  obtained  optically  with  good  accuracy.  The  use  of  various 
hydrodynamlcal  equations,  togetlier  witji  the  Initial  tank  conditions,  enables  one  to  obtain 
the  prossxire,  velocity,  temperature  and  Mach  number  everywhere  in  the  jet.  In  particular, 
the  Mach  number  can  be  obtained  from  the  relation 

«<p'- 

where  ^  is  the  tank  density,  and  p  Is  the  density  corresponding  to  the  Mach  Number  M. 

This  equation  contains  the  adiabatic  relation,  and  is  therefore  valid  only  in  isentroplc 
regions  of  flow,  which  in  the  air  Jets  in  question  means  the  region  boiaded  by  the  standing 
shocks  and  the  boundary  layer  where  the  jet  mixes  with  the  room  air.  Mach  number  values 
downstream  froa  the  standing  shocks  may  be  calculated  froa  the  analagous  relation 


(1) 


(2) 


idiere  is  the  tank  tomperature,  T.2  andyOa  are  the  temperature  and  density  of  gas  immedi¬ 
ately  on  the  downstream  side  of  the  shock,  which  may  be  obtained  froa  the  known  shock 
strength  and  angle  by  applying  the  Ranklne  —  Uugonlot  relations.  The  Mach  number  in  tur¬ 
bulent  regions  can  not  be  calculated  in  a  simple  way  from  the  density.  These  equations 
show  that  the  flow  is  supersonic  everywhere  except  In  a  core  extending  downstream  from  the 
normal  shock  wave. 

If  the  flow  is  supersonic,  i.e.,  M  *  ^  ^1, 

the  Haoh  niaber  nay  also  be  obtained  by  making  shadowgrams  of  the  headwave  of  a  fine  probe 
pointed  into  the  stream,  and  measuring  the  angle  a(  of  the  headwave  to  the  stream  direction. 
The  stream  di]C*otion  coincides  with  the  headwave  bisector  if  the  cone  is  narrow,  as  shown 
by  Kopal  The  Mach  number  is  then  given  by  M  (  )  ss  — A.——* 


Ti  J  lilt  n  Tiiwwl  natl  nn  frna  7  v— _  For  example , 

the  shook-oone  yaw  ratio  ■  .01  for  a  5  degree  cone  and  .1  for  a  10  degree  cone  at  Mach 
number  1.70. 
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Fitfure  1.  „Shado*gr£.m  of  a  supersonic  air  jet  from  a  converging  round  orifice  (Tank  {ressurey 
6c  Ibs/in.*  ).  The  firrows  give  tlie  air  velocity  us  measured  by  a  probe  (degrees  from  vertical 
ut  trro*  head,  M/ich  number  at  tail).  The  Mach  numbers  in  porenthesis  ore  obtained  from  thm 
interferometer.  For  explanation  of  values  in  1"^  see  text  page  4* 


3 


Both  aethods  of  deter alning  M  have  been  applied  to  an  air  Jet  from  the  10  am  con> 
Terging  nozzle  at  Pq  s  60  Ibe/ln.^  overpresBure.  Figures  2  and  3  are  typical  shadowgraas 
showing  the  appearance  of  the  probe  headwave  near  the  orifice  and  near  the  ehock  region 
respectively.  In  addition  photos  were  aade  with  the  probe  in  nany  other  locations.  In 
Figure  1  the  resultant  U  values  are  tabulated,  the  arrow  pointing  in  the  streaa  direction 
and  having  its  tail  at  the  place  of  aeasureaent;  M  (c)(  )  is  given  at  each  point  and  M  (  P  ) 
(froa  liquation  (1)  or  in  a  few  cases  (2)  ),  Just  below  in  parenthesis.  The  agreeisent  is 
satisfactory  at  the  orifice  region,  but  the  M  values  are  generally  different  than  the 

M  ifi)  values  in  the  Jet  boundary,  as  would  bo  expected  as  equations  (1)  and  (2)  do  not 
apply  in  turbulent  regions.  Probe  values  are  probably  correct  in  this  region.  Large 
davlatims  occur,  however,  in  the  region  upstream  from  the  noraal  shock  wave,  which  is  an 
Isen tropic  region.  M  (^  )  Is  here  200  -  3003^  larger  than  H  (  )•  (Those  M  [o(  ) 

values  are  enclosed  In  boxes) . 

A  qualitative  coaparlson  of  shadowgraas  such  as  Figures  2  and  3  showed  that  on  the 
basis  of  the  width  of  the  dark  band  in  the  probe  headwave  shadow  a  much  stronger  shock 
wave  formed  about  the  probe  point  in  Figure  3  than  in  Figure  2,  appearing  as  if  the  probe 
had  drawn  down  the  normal  shock  Vith  it  as  it  was  inserted.  The  shape  of  the  Jet,  of  course, 
is  completely  changed  on  the  downstream  aide  of  the  probe  when  it  is  inserted.  The  oblique 
shocks  in  Figure  2,  for  example,  appear  closer  to  the  orgies  than  normally. 

Six  interferograms  of  the  60  lb.  Jet  were  made  with  the  probe  in  positions  similar 
to  Figures  (2)  and  (3)  and  at  other  intermediate  points  between  the  orifice  and  the  normal 
shook.  FiguresA  and  5  illustrate  two  oases,  with  the  probe  near  the  normal  shock  and  near 
the  orifice  respectively.  Three  or  four  cross  sections  were  measured  on  each  interferogram 
at  the  approximate  positions  with  respect  to  the  probe  indicated  by  the  cross  lines. 

The  Jet  without  probe  had  been  completely  measured  previously. 

The  initial  conditions  were  approximately  the  same  in  all  cases,  namely, 

60-lb/ln.^.  tank  overpressure  and  room  temperature. 

The  sections  near  the  orifice  gave  no  detectable  difference  with  and  without  probe, 
from  which  we  conclude  that  tbr>  head. wave  appearing  in  the  shadowgrams  of  Figure  2  represents 
a  density  step  A  ^  too  small  to  be  detected  by  the  interferometric  analysis  at  the 
existing  radius. 

The  results  near  the  shock  region  with  the  probe  point  at  z  »  11.30  mm.  are  shown 
in  Figure  6,  resulting  from  an  analysis  of  the  interferogram  of  Figure  4* 

The  densities  up  to  the  position  of  the  probe  shock  wave  agree  with  and  without 
probe  as  closely  as  could  be  expected  for  different  photographs.  But  a  strong  shock  is 
present  in  the  cross  sections  with  the  probe,  inclined  at  o(  ■■  54  to 


Figure  2 

Probe  measurement  of  Uacb  number 
near  the  orifice  (Spark  shadowgram) 
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Fleur*  A 


Int«rf*rocrui  of  air  Jet  with  ^b*  near  th*  •hook  region.  Oroee  teotion*  at 
C-C,  and  &>D  were  eraluatod.  (■**  Fifur*  6) 


Table  1. 


ajid  obBenr84  vidueB  of  fay 

^Qckg  about  the  probe  b>»  eTwluatcd  froa  mix 
■iDterferOflTcao. 


Poaltdon  of 

Probe  Point  x, 

_ (so) _ 

Position  of 

Cross  Section  x 

_ LffliJ! _ 

u 

total* 

M 

n 

i  '“’■/ft 

Iq.  (11) 

Obeerwed 

11.30 

^12.10 

3.03 

2.U 

3.3 

■  '  . . 

3.4 

/  11.82 

2.97 

2.41 

3.2 

3.3 

V  11.58 

2.95 

2.39 

3.2 

3.0 

9.43 

r  10.61 

2.71 

2.05 

2.7 

2  8 

1  9.86 

2.60 

1.93 

2.6 

2.4 

8.04 

f  9.92 

2.63 

1.79 

2.3 

2.3 

1  8.42 

2.38 

1.50 

1.9 

1.8 

6.&7 

f  8.61 

2.43 

1.43 

1.7 

1.9 

i  7.61 

2.23 

1.28 

1.5 

1.6 

5.78 

1  Mo  shock  detectable  on  interferograa 

2.48 

*M  total  waa  obtained  from  the  denalty  in  the  atreaa  directly  before  the  ehoek  front 
from  euuatlon  (1). _ _______ 


The  equation 


j?  ^  i  (^-^0 _ 

r,  ^  >^0-0 


(3) 


which  givea  the  shock  strength  as  a  fvsictioD  of  the  Mach  nusber  eoaponact  noraal  to  the 
shock  front  was  applied  to  the  shocks  about  the  probe  wTalxiated  froa  the  six  interferograasy 
and  gives  good  agreement  with  the  aeaaui*ed  values  as  shown  in  Table  I. 

A  continual  decrease  In  shock  strength  occurs  as  thr  probe  4.S  brought  nearer  the 
orifice,  until  at  about  s  a  6  sa,  the  shock  is  too  weak  to  show  aa  the  interferograas.  It. 
la  Just  at  this  region  that  tha  values  given  in  Figure  1  eoae  into  agreeaent,  within  the 
experimental  error. 

Thus  the  strength  and  angle  of  the  shock  foraed  at  the  probe  ie  consistent  with  the 
high  Mach  n\atber  in  the  streaa  as  calculated  froa  the  density.  The  large  dlsorepeneles  la 
Figure  1  arise  from  us5:<g  the  siaple  equation  I 
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Denaltj  iv^aa?)  Density  (Eg>W) 


Figure  6  -  Density  eross  seotlona  with  probe;  ,  Jet**"  probe; 

. Jet  without  probe. 
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Flgur*  6  eont'd 


OToas  aeetlona  with  proba} 
i  jet  without  probe. 


which  glvca  the  trh*  Mach  wa^r  only  If  the  probe  head  waTe  ie  weiy  week,  and  trawela 
npproxlnately  with  the  eoind  Telocxty  4.  For  strong  shocks  the  weloclty  Is  higher,  and 
l/sln^  norely  gires  the  ratio 

H  » 

of  the  total  llaeh  nimber  to  the  coaponent  normal  to  the  shock  front,  as  the  rhock  welooltj 
Is  equal  and  opposite  to  the  coaponent  of  the  gas  weloclty  normal  to  the  shook  front 
end  the  total  gas  Telocity  before  the  shock  is  M.a. 

The  problea  is  then  to  explain  the  foraation  of  the  strong  shock  appearing  as  if  it 
were  the  probe  headware.  The  well-established  theory  of  the  supersonic  flow  about  conical 

objects  (e.g.,  the  theory  of  Taylor  and  Macooll  predicts  that  the  neadwawe  of  a  wery 
narrow  cone  should  be  a  wexy  weak  shock  and  should  be  inclined  at  the  Madi  angle  0( 

It  is  known  that  a  second  solution  of  the  flow  equations  exists,  representing  the  other 
possible  shock  hawing  the  proper  strength  and  inclinatioeg  to  diwert  the  flow  by  the 
necessary  aaoiait  to  pass  the  cone.  But  the  possibility  that  the  strong  shock  represented 
a  ''second  solution*  for  the  cone  problem  was  discarded  in  the  light  of  the  following 
explanations 

A  close  examination  of  the  shadowgrams  with  the  probe  brought  through  the  normal 
shock  rerealed  the  presenceof  a  "dead  water*  region,  conical  in  shape,  beginning  at  the 
point  of  the  probe  and  extending  downstream  from  it.  The  stream  appeared  to  be  dlwerted 
outward,  and  measurements  actually  showed  that  the  probe  headwaTe  angle  corresponded 
roughly  to  that  which  would  be  obtained  If  the  dead  water  were  eonsldered  to  act  on  the 
stream  like  a  solid  cone.  Following  a  cooTersation  with  Dr.  Bans  Liepnenn  of  the  Quggeo- 
bsim  Aeronautical  Laboratory  the  possible  influence  of  bovsidary  layers  was  considered. 

Xt  is  a  well-known  fact  in  fluid  dynamics  that  a  transition  layer  exists  at  the 
boundary  of  a  fluid  stream  in  which  the  Telocity  of  flow  decreases  from  the  free  stream 
Telocity  down  to  sero  at  the  wall.  This  bouidaxy  layer  may  be  laminar  or  turbulent 
depending  on  the  Reynold's  number  and  Tarious  conditions  of  stability,  i/  At  any  rate, 
the  Telocity  becomes  subsonic  in  the  bouxlaxy  layer*  of  a  supersonic  stream,  proTlding  an 
oooortunlty  for  signals  to  be  propagated  tqmtream  along  the  wall. 

It  is  also  known  that  the  stream  may  separate  from  the  wall,  resulting  in  a  large 
thickening  of  the  bouedary  layer  which  extends  out  into  the  body  of  the  fluid  if  the  pressure 
Increases  in  the  direction  of  the  flow. 


^  tarlor  and  Maceoll.  Proc.  Bor.  Soc.  ^139.  278  and  298  (1933)  BaceoU.  Proc.'  Row.  Soc.  139. 
A59  (1937).  See  also  Part  II  of  this  series  of  reports  for  comparison  between  experiments 
and  Taylor  and  Maceoll' s  theory. 

See  "Modem  Derelopments  in  Fluid  Dynamics*  ed.  by  Goldstein  for  a  discussion  of  boiaadary 
layer  phenomena.  Also  Tarious  MACA  publications. 
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Pr&ndtl  ^  ba«  axplttlnMl  Ibis  phenoaaaon  for  an  incoapresBlble  fluid,  assuaing  that  the 
Btreaa  preaBure  peralsta  unchanged  through  the  boundary  layer.  Fluid  in  the  layer  is  pulled 
along  by  the  free  atream,  but  retarded  by  tlte  wall  “nd  by  the  adwerse  pressure  gradient.  In 
certain  cases  it  may  actually  be  brought  to  rest,  or  made  to  flow  in  the  rewerse  direction, 
resulting  in  a  back  eddy,  and  a  diwerslon  of  the  main  stream.  (See  Prandtl,  loc.  eit..  Fig.  2, 
page  4»  or  Goldstein,  Fig.  22,  page  $7).  The  point  of  separation  nay  be  calculated,  provided 

is  giwen  ewerywhere,  by  experiment  or  otherwise,  and  occurs  where  becomes 

d*f 

greater  than  sero.  ' 

It  should  be  noted  that  irtiile  in  subsonic  flow  a  stream  nay  be  diwerted  into  itself 
or  compressed  in  a  continuous  nanner,  at  supersonic  speeds  such  a  eompreasion  oceura  either 
entirely  diseontinuously  by  means  of  a  shock  wave,  or  pertly  diseontlnuously  and  paz'tly 
continuously.  Thus  If  the  boundary  layer  separates  In  a  supersonic  stream,  an  oblique  shock 
wawe  must  occur  to  provide  the  necessary  dlweralon  of  the  stream.  This  is  shown  In  Figure  7, 
which  Is  onalagoua  to  Prandtl* s  drawing,  but  for  the  stipersonlc  ease. 


FlttUMC  7 

STHCAM  SCnaRATlON  ACCOMPSNIEO 
BY  A  SHOCK  WAVE. 


^  "Tier  Abhandluagcn  xur  HyexodycAmik  und  Aerodynaaic"  L.  Prandtl  and  A.  Betz.  Gottingen  1927 
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A  sltuatlocj  of  tiUs  kir-d  c'jy 
iii  i-'igiu'G  a  a  Btreaa  of  liaeh 


erli,i;  if  a  boii^dary  layc.-  Is  present  ut  a  normal  ch6ck. 
emd  pressure  Pj^  ,  accOi^-iJaivied  by  e  touiidary  layer  in 


FIGURE  8 

'iOf<MAl,  T.HOCK  WAVE 
AND 

B0Uf4DARY  E  AVER 


which  the  presstire  Is  also  Pj,  sneotaiters  a  noraal  shock,  across  which  the  pressurs  rdses  to 
P2.  the  cltuation  as  shovn  in  Figure  8  will  certainly  be  wstable  if  the  shpck  has  a  finite 
strength,  i.e.,  if  P2  is  appreoiahlj  greater  than  P^*  Flow  in  the  boundary  nay  be  retarded 
or  stopped  by  the  pressure  increase,  and  the  streaa  will  be  dlwerted.  This  explanation  is 
certainly  OTer>alaplifled  as  the  1101  eel  shock  can  in  no  case  extend  down  into  the  boundary 
layer  idiere  the  flow  is  subsonic.  Am  pressure  distribution  around  thn  foot  of  the  shock 
is  rather  obeeure,  but  it  ie  certain  that  a  preasure  increase  does  occur,  ond  e  stable 
situation  of  the  type  shown  in-Figure  9  exists. 


U 


FIGURE  9 

ifjTEfiACTlON  0^  A  rJORMAL 
SHOCK  WAVE  WITH  The 
BOUNDARY  layer 


The  overall  result  Is  to  transfer  the  streaa  and  bouadar/  froa  the  region  A  at 
pressure  Pi  to  the  region  c  pressure  P2,  the  vortex  sheet  neanwhlle  retreating  froa 
the  wall  froa  to  .  The  initial  divergence  of  the  stream  is  accoapllsbed  by  shock 

If  the  nornal  shock^ls  to  reoaln,  a  third  shock^ls  required  to  retiuvr  the  stream 
to  Its  initial  direction.  Strangely  enough*  a  three  shock  interaction  thus  exists.  The 
usual  slipstream  arises  at  the  shock  intersection*  which  is  present  in  addition  to  the 
boundary  layer  in  region  C  But  since  the  pressures  on  the  two  sides  of  a  slipstream*  or 
throughout  a  boundary  layer  are  equal*  region  c  oust  be  a  region  of  uniform  pressure*  which 
is  deteroined  uniquely  by  the  Mach  number  and  */reBsure  at  A  by  the  usual  Rankine-Hugoniot 
formula 


^  (*) 

•f,  ■  v+  I 

That  a  situation  analagous  to  Figure  9  actually  does  exist  in  the  vicinity  of  the 
probe  is  shown  by  Figure  3*  various  shocks  and  slipstreams  have  bean  nuad>erod  to  corre¬ 

spond  to  Figure  9.  One  can  observe  the  stream  separation  at  the  probe  point*  and  the  strong 
shock  wave  through  which  the  divergence  (compreskion)  occurs*  arising  from  the  probe  point. 
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rh«)  Blipstrenm  from  the  three-shock  intersection  is  more  plainly  visible  than  the  boundary 
Ityer  edge  aa  it  is  a  much  larger  discontinuity. 


The  phenomenon  of  streem  separation  through  shock  waves  which  explains  the  anomalies 
observed  with  piobes  in  Jets  actua-ly  occurs  quite  generally  in  supersonic  gas  flow. 

Stodolt  2/  describes  separation  phonomena  in  stoam  nozzles,  including  an  effect  with  a  probe 
similar  to  the  present  case.  His  photographs,  although  not  very  clear,  also  show  a  three- 
shock-separatlon  from  the  wall  of  a  nozzle,  and  this  is  Airther  confirmed  by  pressure 
measurements.  The  peculiar  impact  pressure  curves  obtained  by  surveying  e  diameter  of  the 
stream  nozzle  near  the  separation  point  (Stodola,  Figure  54)  are  probably  the  result  of 
traversing  euccesslvely  a  supersonic,  subsonic,  and  again  a  supersonic  region  (for  example, 
a  vertical  section  just  downstream  of  shock  2,  Figure  9).  The  pitot  pressure  obtained  by 
bringing  the  tube  near  the  downstream  side  of  a  normal  standing  shock  should  be  the  same  as 
the  free  stream  pitot  pressure,  since  the  tube  generates  its  own  normal  shock  wave  in  the 
free  stream-  But  the  loss  of  Impact  head  is  less  through  a  series  of  oblique  shocks  plus 
the  pitot  shock  than  through  the  pitot  shock  alone,  and  therefore  the  pitot  pressure  rises  in 
the  region  downstream  of  shock  y,  (Figure  9). 

For  subsonic  flow  the  stream  may  leave  the  wall  of  a  diffusor  (expanding  chai\nel) , 
as  the  pressure  in  the  direction  of  flow  increases  in  this  case.  (See  Goldstein,  Plate  5, 
page  58).  In  the  supersonic  flow  of  a  gas,  an  expanding  channel  implies  a  pi'esaure  decrease, 
and  therefore  no  tendency  for  the  flow  to  sejMirate.  The  equation 


^  ~P~  T  U'  7 


C5) 


shows  that  for  U  <  1,  is  in  the  same  direction  as  d  /?  ,  but  in  the  opposite 

direction  for  M  J?’  1.  In  certain  cases,  however,  such  as  an  expanding  nozzle  emptying  into 
the  atmosphere,  the  gas  may  fina  itself  expanded  below  atmospheric  pressure,  and  the  adverse 
pressure  gradient  up  to  atmospheric  pressure  separates  the  stream  from  the  nozzle  wall. 


Figure  lU  shows  three  phases  of  such  a  separation.  Thece  photographs  are  spark 
shadowgrams  of  air  emerging  from  a  tank  through  a  Laval  nozzle  of  circular  cross  section  con¬ 
sisting  of  a  straight  portion,  an  expanding  portion,  and  a  final  straight  portion  of  1.2" 
diameter.  The  end  of  the  nozzle  is  the  black  shadow  at  the  bottom  of  the  picture.  If  the 
tjinv  pressure  is  adjusted  to  about  4-5  atmospheres,  the  stream  emerges  homogeneous  and 
parallel,  with  a  Mach  number  of  1.70,  and  at  very  nearly  atmospheric  pressure.  S/  This 
nozzle  actually  constitutes  a  small  open  wind  tunnel.  (Experiments  with  such  an  open  wind 
tunnel  were  reported  in  Part  II  of  this  series) 

2/  Stodola,  "Steam  and  Gas  Turbines".  Vol.  I,  McGraw-Hill  1927,  Section  33,  Fage  88-94* 

2/  The  relation  between  tank  pressure  and  Jet  pressure  P  is  given  by 


P.  [' ' 
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Separation  of  Flow  froa  Moz^le  In  a  Superaonle  Streaa 
Dieeharging  at  Less  than  itnospheric  Preaaure 


il  ttie  tank  piroEBure  1;  decreased  to  3*4  ataos.,.  Figure  10-A  results.  The  Jet  esergef*  at 
ItsD  thfoi  Rtffloopheric  pressure  (0»7  atnos.),  but  still  practically  fills  the  inner  bore  of 
the  tube.  The  stream  is  pressed  inward  by  the  ataosphtire  immediately  upon  Icaring  the 
orifice,  end  the  change  in  direction  is  accompllehed  bj  an  "incident*  compression  shock, 
ihis  shock  is  of  course  cwje  shaped,  but  only  portions  tt^ngentlul  to  the  parallel  light  beam 
are  revealed.  The  stream  is  again  made  parallel  to  its  original  direction  by  the  "reflected* 
shock  and  continues  at  superecnic  speed.  The  flat  normal  shock  in  the  center  is  typical  of 
the  three-shock  formation  irtiich  occurs  whenever  tlie  strength  end  angle  of  the  •■incident" 
shock  can  not  allow  a  simple  "reflection"  Involving  only  two  shocks,  end  is  a  sort  of 
stationary  Mach  effect.  A  slipstream  (very  weak  and  not  visible  on  the  reproduction)  exiets 
between  subsonic  air  which  passed  the  normal  shock,  and  the  stream  outside  this  which  has 
crossed  the  two  oblique  shocks  nnd  proceeds  at  higlier  velocity. 

In  Figure  10-B  the  let  emerges  at  0.6  atmoe.  fros  a  tank  nt  2.7  atmos.  and  has 
separated  from  the  inner  wall  of  the  tube.  The  "Incident"  shock  ncreaees  in  strength  and 
angle,  with  an  accompanying  change  in  the  Mach  reflection.  Figure  10-C  is  a  further  stage 
of  the  phenomena,  with  the  Jet  and  tank  pressures  0.4  ataos.  and  2.0  atmos.  respectively. 

The  noraal  shock  reaalns  unehanged  in  strength  as  the  Mach  nuaber  is  constant,  but  increases 
in  width  froa  A  to  C.  If  the  Jets  of  Figure  10  are  divided  by  a  line  down  the  axis,  the 
sisdlarity  of  either  port  with  Figure  9  is  laaedletely  apparent,  and  we  are  probably  dealing 
with  an  analagouB  pbenasMnon.  The  configuration  shown  in  Figure  10  has  been  studied  in 
deteil  interferoaetrieally  and  the  values  of  shock  strnigth,  angles,  etc.  compared  with  the 
three-shock  theory.  The  results  will  be  given  in  a  future  report. 

Id  Figures  11  and  12  an  axial  wire  faes  been  mounted  in  the  nossle  previously  shown 
in  Figure  10,  and  the  boviadary  layer  formed  along  the  wire  then  interacts  with  the  normal 

shock  in  the  manner  set  forth  In  Figure  9>  Ibe  various  eboeks  in  Flg\rL'es  11  and  12  hovr 
been  labeled  in  accordance  with  Figure  9«  Id  Figure  11,  M^.  =•  1.70,  Pi  ^  >48  atmos.  and 
?2  ®  1*53  ataos.  and  in  Figure  12,  M^.  =  1.70,  Pi  =  .55  atmos.,  and  P2  =  1,7  atmos., 
ealeulated  froa  tank  pressure  and  Maoh  number  using  equation  (4)  and  (5).  It  should  be 
reohUed  that  this,  as  well  as  all  other  shadowgrams  shown  in  this  report  are  nrojectlone 

of  an  axially  syumetrlc  figure,  as  the  Jet  is  circular.  This  accounts  for  the  fact  that 
shock @ appeara  continuous  across  the  wire,  although  in  reality  it  has. a  "hole*  in  the 
middle,  aixl  the  projection  of  the  outer  sections  gives  the  appearance  of  a  continuous  shock. 

The  bovndary  layer  after  separation  appears  violently  turbulent,  and  its  edge  is 
much  less  distinct  than  the  slipstream  froa  the  ebook  intersection.  It  also  appears  that 
the  greatly  thickened  boundary  layer  is  socm  lest  by  diffusion  at  points  downstream  from  the 
normal  shock. 

The  shock  and  sllostream  angles  have  been  measured  in  Flgurgs  3»  U  and  12,  as  well 
as  the  nuaber  of  other  similar  oases  of  seperatloh,  and  the  results  compared  with  shock  wave 
theory.  Assuming  that  the  stream  is  diverted  past  the  dead  water  region  like  the  flow  about 
a  solid  cone,  the  angle  of  chock <£) should  be  given  by  Taylor  and  UaoooU's  theory 


igMiMOus  (■  m  1,7)  with  aa  axial  wira  to  ahoa  affect  of  wire  boiK-dary  lajar  on  the 
lal  aboek.  tariMrad  in  aceordaoca  alth  7igura  9« 


ca  Tigar*  11,  but  with  hlfhar  tuik  praaaura 


Sr<  f>ronc©  4)  in  teras  of  the  ceni-aniile  ci(  of  tht  separetcKi  bomdary  of  the  dead  water  region* 
Itie  ©.iperlticntal  reaulte  follow: 

A.  £apondlng  air  Jet,  eladlar  to  Figure  3,  with  probe. 
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12®  probe 
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0.  Uoaogeneoue  streea,  Lawal  nozcle,  with  aociel  wire,  (like  Flge.  11  and  12) 
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44 
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These  aeaoureBente,  although  rather  roi:gh,  nerertheleae  seen  to  show  that  the  Inter¬ 
pretation  of  the  aeparf  tlon  phenoeenm  la  correct.  Why  the  aeparetion  aboeks  derelop  wider 
In  Figure  11  than  Figure  12  la  not  clear,  aa  the  noreal  ahock  ahould  be  original^  the  aaae 
In  both  cases. 

More  careful  experlaents  should  be  eade,  to  deteniine  at  which  shock  strength  and 
Mach  nueber  separation  seta  In.  The  best  way  to  study  this  would  seen  to  be  In  an  axialljr 
synaetrlc  three-dlaenslooal  flow.  In  rectangular  cross  sectioned  wind  tunnels  with  parallel 
glass  walls  the  flow  tends  to  separate  fro*  the  glass  as  well  as  fro*  the  other  two  surfaces 
when  a  nomal  le  present,  thus  Introducing  an  unknown  Tariatioo  In  the  direction  of  the 

light  bean. 


Fig.  12 
Fig.  11 
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